Relaxor ferroelectrics exhibit a frequency-dependent and broad dielectric response around some specific finite temperature, while they remain macroscopically paraelectric and cubic down to 0K [1] . These complex materials have been extensively studied (see, e.g., Refs. and references therein), and one popular scenario to explain such properties is the formation of polar nanoregions (PNRs). Another striking feature of relaxors is that they acquire a macroscopic polarization when a large enough electric field is applied to them. Despite the fact that the transition from relaxor to ferroelectric state has been a topic of many studies [25] [26] [27] [28] [29] [30] [31] [32] [33] , several issues related to it are still unknown or controversial. For instance, how
PNRs individually and collectively respond to an electric field, in order to render the system ferroelectric, is an open question. Ideally, one would also like to know if there is an universal mechanism driving this transition, and if this mechanism can be described by percolation [34] -which is a fundamental theory that has sometimes been advocated to be responsible for a temperature, rather than field, induced transition from relaxor to ferroelectric state [35] [36] [37] [38] .
The goal of this Letter is to resolve this paucity of knowledge by investigating a Ba(Zr,Ti)O 3 (BZT) system under dc electric fields, from first principles. Such compound was chosen because it is a relaxor that has attracted a lot of attention [39] [40] [41] [42] [43] [44] [45] [46] [47] , and because recent computations successfully showed the existence of static PNRs there at low temperatures [48] (this feature being a key ingredient for understanding relaxor behavior in that system). Our present ab-initio simulations reveal that the field-driven transition from a relaxor to ferroelectric state involves four different field regimes in BZT, each associated with their own specific change in morphology of the PNRs or evolution of the dipoles inside these PNRs. Another important finding is that percolation is indeed discovered to be at the heart of this transition. However, in contrast to conventional percolation theory, it is the field's magnitude that is playing here the role typically assigned to the composition, with the objects percolating being the PNRs' dipole moments (rather than sites and bonds).
We use the first-principles-based effective Hamiltonian approach that has been recently developed for BZT solid solutions [48] . More details about this approach is provided in the Supplementary Material and involves the quotation of Refs. [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] . Here, we apply electric field lying along the [111] pseudo-cubic direction, and having magnitude varying between 0 and 2 × 10 8 V/m. 12 × 12 × 12 supercells (8640 atoms) are typically used within Monte-Carlo simulations, but larger supercells were also tested to check the convergency of our results. In all these supercells, Zr and Ti ions are initially randomly distributed over the B-sublattice and then kept frozen, in order to mimic disordered BZT solid solutions.
Practically, 20 different random configurations are selected and properties to be shown are averaged over all these realizations of disordered systems.
As shown in Ref. [48] , this effective Hamiltonian predicted that PNRs -all possessing Ti ions that are displaced along one of the eight < 111 > directions -exist within a Zr-rich paraelectric matrix in disordered Ba(Zr 0.5 Ti 0.5 )O 3 compounds, when no field is applied and for temperatures below ≃ 130K [58] . This latter critical temperature was identified as the freezing temperature in Ref. [39] . The overall polarization of the whole sample was found to vanish in that case, because different PNRs exhibit Ti displacements along different < 111 > directions. Figure 1a non-linear, which is a known fingerprint of relaxors under electric fields [60] (Note that we also checked (not shown here) that decreasing this field from its maximal investigated value until fully annihilating it results in a small but non-vanishing polarization (of 0.11 C/m 2 ), which is another known feature of relaxors [60] ). As indicated in Fig. 2 by means of solid lines, this polarization-versus-field curve can be nicely fitted by the following expression: to a small, nearly linear increase of the overall polarization and to a relatively small value of the dielectric response. It is interesting to realize that, in Region IV, the dipoles centered on Zr ions are still small in magnitude, which is consistent with a previously suggested idea that a relaxor has two components: a spherical glassy matrix, that does not respond to an electric field, and polar nano clusters that rearrange themselves when under electric field [37] . Moreover, in Region IV, certain Ti dipoles still do not belong to any PNR. Such
Ti dipoles are typically those located within a Zr-rich environment and can be small, as consistent with the first-principles work of Ref. [43] .
To further understand properties of BZT under an electric field, we decided to check if our results can be analyzed within the context of percolation theory. Accordingly, two different properties were computed from the outputs of our MC simulations. One quantity is the average cluster size, and is defined as [34] :
where N is the number of Ti sites belonging to a PNR, and where "< >" denotes average over all the PNRs belonging to the supercell. The other quantity is the so-called strength of the percolating cluster [34] , that is calculated as:
where N ∞ is the number of the distinct Ti sites (of the supercell) belonging to the (infinite)
percolating cluster, and where N T i is the number of Ti ions in the supercell [62] . Technically, a cluster is taken to be infinite or percolating when it is found to spread from one side of the supercell to its opposite side along the
It is important to recall that in "conventional" percolation, that is in percolation induced by composition, x, the average cluster size diverges at the percolation (compositional)
threshold, x c , following a 1/|x c − x| γ behavior, with the γ coefficient depending on the dimensionality and type of the lattice [34] . On the other hand, in conventional percolation, P ∞ starts to rapidly grow for compositions above x c , adopting a (x − x c ) β power law with the value of β being also tabulated for different dimensionalities and lattices [34] . Figure 3 shows that, in Regions I and II, P ∞ basically vanishes. On the other hand, the strength of the percolating cluster becomes finite and significantly increases when the field increases in Regions III and IV, that is above the critical value, E th , of 10 8 V/m. Interestingly and as also indicated in Fig. 3 , the behavior of P ∞ versus the field can be rather well fitted by a (E − E th ) β E power law for fields above E th . These findings reveal that percolation of the PNRs does takes place in BZT at the beginning of Region III, with the magnitude of the static electric field playing the role of composition in conventional percolation theory. Note that β E is practically found to vary between 0.6 and 0.7, when going from a 12 × 12 × 12 to 16 × 16 × 16 supercell. The inset of Fig. 3 also shows that < s > is nearly constant, around 3, in Region I. This reflects the previous finding that PNRs are typically small and their morphologies are not evolving too much, for small fields (see Figs. 1a and 1b) . Then, the average cluster size significantly increases when increasing E in Region II. The behavior of < s >-versus-E can be well fitted by 1/ | E th − E | γ E . Such results are once again consistent with standard percolation theory, once assuming that the electric field plays the analogous role of composition. Our simulations performed on a few different supercell sizes provide a value of γ E ranging between 1.0 and 1.3, which is consistent with the value assumed in Ref.
[36] for a temperature-induced percolation in Pb(Mg,Nb)O 3 relaxor.
The connection between the formation of the field-induced polarization in relaxors and percolation driven by electric fields is therefore found here to explain and understand properties of BZT relaxors under electric fields [63] . For instance, our present work reveals that the maximum of the dielectric response displayed in the inset of Fig. 2 
